Background: Although thoracic hemivertebra can cause neurological signs, they occur commonly in neurologically normal dogs.
Conclusions and Clinical Importance: The variables identified could aid in differentiating between clinically relevant and irrelevant hemivertebra in small breed brachycephalic dogs. Kingdom for 2018. 1 Because dogs of these breeds can have a curly tail, they are sometimes referred to as "screw-tailed" brachycephalic breeds. The mechanisms resulting in this characteristic curly tail, however, are possibly different among breeds. 2, 3 Their increase in popularity has been associated with welfare concerns associated with their anatomical conformation. 4, 5 "Screw-tailed" brachycephalic dogs are prone to suffer from breathing problems, ophthalmologic disorders, skin disease, and several spinal conditions. 6, 7 One type of spinal condition often associated with this group of dogs is congenital vertebral body malformation. 8 Although the terminology and classification are debated, hemivertebra are considered a common type of congenital vertebral body malformation. 9 Thoracic hemivertebrae occur commonly in clinically normal small breed brachycephalic dogs and therefore should be considered incidental imaging findings in the majority of dogs in which they are identified. 8, [10] [11] [12] [13] [14] [15] Hemivertebrae can be associated with an abnormal dorsal (ie, kyphosis) or lateral (ie, scoliosis) curvature of the vertebral column and have the potential to alter spinal biomechanics, contribute to degenerative spinal conditions, or result directly in clinical signs of spinal cord dysfunction. [15] [16] [17] [18] [19] Although the pathophysiology of development of clinical signs in dogs with hemivertebra is not completely known, it is considered to be multifactorial with static and dynamic factors involved. 10, 16 Dogs with clinically relevant thoracic hemivertebrae most often develop slowly progressive clinical signs in the first year of life. 16 Treatment of thoracic hemivertebra is challenging with results of medical management considered to be unfavorable 20 and surgical techniques, although associated with good outcomes, considered technically demanding. [21] [22] [23] Although several studies have suggested individual risk factors for development of clinical signs, 8, [10] [11] [12] it remains difficult to differentiate between clinically relevant and irrelevant thoracic hemivertebrae. The pug breed, hemivertebra subtype, presence of subluxation, and severity of kyphosis have, in different studies, been associated with a higher likelihood of development of neurological signs. 8, [10] [11] [12] None of these factors can, however, solely be relied upon to identify clinically affected dogs. This is illustrated by the fact that severe kyphosis also can be seen in clinically normal dogs 15, 18, 24 and that not all Pugs with thoracic hemivertebra will develop neurological signs. 8, 15 It is further unknown which of these factors should be considered the strongest indicators of clinical disease. Our aim therefore was to compare the signalment and computed tomography (CT) findings of French Bulldogs, Pugs, and English Bulldogs with and without clinical signs associated with thoracic hemivertebra. It was hypothesized that several variables, including Pug breed and more severe kyphosis, would be associated with clinical signs in dogs with hemivertebra. After the imaging studies of dogs with clinically relevant thoracic hemivertebra were collected, the digital medical database of 1 of the participating centers was searched for French Bulldogs, Pugs, and English Bulldogs that underwent CT for reasons unrelated to neurologic or orthopedic disease. Some of these CT studies also were included in a previous study. 24 All CT studies were evaluated by the same study author who had evaluated the imaging studies of the clinically affected dogs. Only CT studies of dogs that had ≥1 hemivertebrae were considered for further inclusion. Finally, for each of the 3 breeds, a number of CT studies equal to the total number of clinically affected dogs was randomly selected. All CT studies were performed under sedation or general anesthesia with a 16-slice helical CT scanner. The majority of these dogs had not received a neurological examination. They were considered neurologically normal if they were evaluated for a non-neurological condition and if none of the clinical notes mentioned any previous or current abnormalities in gait or neurological status. Information retrieved from the medical records included signalment and reason for presentation.
| MATERIALS AND METHODS
All CT studies (neurologically affected and unaffected dogs) were anonymized and presented in a randomized order to a boardcertified neurologist who was not involved in previous patient selection. Randomization was performed by using an online available random list generator (www.random.org), and the reviewer was unaware of signalment and clinical status of each dog. The MRI studies were not presented to this observer. For each imaging study, the presence, number, and location of hemivertebrae were assessed, and each hemivertebra was categorized into 1 of 9 subtypes as reported previously. 24 The presence of vertebral subluxation; the remaining vertebral canal area at the level of each hemivertebra; and the presence, location, degree of kyphosis, and number of vertebrae involved in the kyphotic segment also were recorded. Abnormalities of the dorsal arch (ie, articular processes, dorsal lamina, and spinous process) were not evaluated.
Hemivertebra subtypes included ventral aplasia (VA) or dorsal hemivertebra, ventral hypoplasia (VH) or ventral wedge-shape vertebra, lateral aplasia (LA) or lateral hemivertebra, lateral hypoplasia (LH) or lateral wedge-shape vertebra, ventrolateral aplasia (VLA) or dorsolateral hemivertebra, ventrolateral hypoplasia (VLH), ventral and median aplasia (VMA) or butterfly vertebra, ventral and median hypoplasia (VMH), and symmetrical hypoplasia (SH) or short vertebra. 24 Vertebral subluxation was defined as dorsal displacement of a vertebra with step formation between the dorsal aspect of 2 adjacent vertebrae. 10 The remaining vertebral canal area was determined to quantify the extent of vertebral canal stenosis at the level of each hemivertebra. It was calculated by dividing the transverse vertebral canal area at the center of the hemivertebra by the average transverse vertebral canal area of the unaffected cranial and caudal vertebrae and multiplied by 100. 25 A value of 100 would represent no vertebral canal stenosis, whereas a value of 0 would represent complete vertebral canal stenosis. Severity of dorsal curvature was evaluated by determining the Cobb angle, which was measured automatically using a commercial plug-in device as described previously. 12 For the purpose of this study, kyphosis was defined as a dorsal spinal curvature with a Cobb angle >10 degrees. 21, 26 The location of kyphosis along the vertebral column was defined by the location of the 2 most central vertebrae in the kyphotic segment. If multiple hemivertebrae were present, kyphosis was measured at the most severely affected site. [specificity − 1]) was calculated to identify the optimal cutoff value of Cobb angle that yielded maximum sums from the ROC curve. 29 
| Statistical methods

| RESULTS
One hundred sixty dogs with ≥1 thoracic hemivertebrae were included in the study. This group consisted of 40 dogs with clinical signs caused by hemivertebra and 40 French Bulldogs, 40 Pugs, and 40 English Bulldogs that underwent CT for reasons unrelated to neurological or orthopedic disease. (n = 28, or 30% of all hemivertebrae), followed by T7 (n = 24, or 26%), T6 (n = 10, or 11%), T4 and T9 (n = 9, or 10% for both), T10 (n = 4, or 4%), T5 (n = 3, or 3%), T11, T12, and T13 (n = 2, or 2% for each), and T2 (n = 1, or 1%). The Cobb angle varied from 7 to 89 degrees (median, 59 degrees) with all but 1 dog (98%) having kyphosis. The number of vertebrae included in the kyphotic segment varied from 2 to 7 (median, 3 vertebrae), and the center of the kyphotic segment most often was located at the level of the T7 and T8 vertebrae (28 dogs or 72% of dogs with kyphosis). Subluxation was present in 33 dogs (82%). The remaining vertebral canal diameter at the location of each hemivertebra varied from 28% to 100% (median, 72%). [1%]). The most commonly affected vertebra was T8 (n = 63, or 15% of all hemivertebrae), followed by T7 (n = 60, or 15%), T6 (n = 51, or 12%), T9 (n = 47, or 11%), T10 (n = 40, or 10%), T5 (n = 38, or 9%), T11 (n = 26, or 6%), T4 (n = 25, or 6%), T12 (n = 22, or 5%), T13 (n = 15, or 4% for each), T3 (n = 11, or 3%), T2 (n = 9, or 2%), and T1 (n = 4, or 1%). The Cobb angle varied from 1 to 70 degrees (median, 9 degrees) with 58 dogs having kyphosis. The number of vertebrae included in the kyphotic segment varied from 2 to 6 (median, 3 vertebrae) and the center of the kyphotic segment most often was located at the level of the T10 an T11 vertebrae (25 dogs or 43% of the dogs with kyphosis). Subluxation was present in 21 dogs (18%).
| Clinically affected dogs
| Clinically unaffected dogs
The remaining vertebral canal diameter at the location of each hemivertebra varied from 33% to 100% (median, 96%).
| Comparison between clinically affected and unaffected dogs
Neurologically unaffected dogs were significantly older and were more often neutered (P < .001 for both variables) than dogs with neurological signs. Univariate statistical analysis indicated that Pugs (P < 0.001) com- (Table 1 ). An ROC analysis ( Figure 1 ) indicated that a Cobb angle of 34.5 degrees was associated with the highest combined sensitivity (85%) and specificity (93%) to differentiate between dogs with and without neurological signs. The AUC was 0.95 (95% CI, 0.91-0.98; P < .001).
Significant associations were found between hemivertebra subtype and breed, Cobb angle, and remaining vertebral canal area. Ventral aplasia, VH, and SH subtypes were associated with Pugs (P < .001). The majority (85.7%) of all hemivertebrae of the VA subtype was seen in Pugs. Lateral aplasia hemivertebra subtype was associated with French Bulldogs (P < .001) with all hemivertebrae of this subtype seen in this breed. Ventral aplasia hemivertebra subtype was associated with the highest Cobb angle (median, 61 degrees; 25th and 75th percentiles, 52.5 and 68.0 degrees) and the lowest (most stenotic) remaining vertebral canal area (P < .001; Figure 2 ).
| DISCUSSION
We compared the signalment and CT findings of 3 small brachycephalic breeds with and without clinically relevant thoracic hemivertebra. Several variables were identified that were associated with an increased likelihood of neurological signs: the Pug breed, higher degree of 2154 kyphosis, fewer instead of more observed hemivertebrae, and VLH hemivertebra subtype were considered independent variables predicting the presence of neurological signs. The identification of these variables potentially could aid in making a diagnosis and increase our understanding of the pathophysiology of hemivertebra in small breed brachycephalic dogs.
Breed was 1 of the strongest independent variables to predict the presence of neurological signs in dogs with thoracic hemivertebra.
Pugs with hemivertebra were at 10-fold the odds to have neurological signs compared to French and English Bulldogs with hemivertebra.
This finding suggests that Pugs are predisposed to neurological signs caused by thoracic hemivertebra, which is in agreement with previous suggestions. 8 A previous study found that although thoracic hemivertebrae occur less commonly in neurologically normal Pugs compared to neurologically normal French and English Bulldogs, they were paradoxically more often diagnosed with hemivertebra as the cause of neurological signs. 8 Although hemivertebra in neurologically normal Pugs is associated with different anatomical characteristics and a higher likelihood of kyphosis compared to hemivertebra in French and English Bulldogs, 24 it is currently unclear why a thoracic hemivertebra in Pugs is more likely to result in clinical signs compared to other breeds.
Although these findings suggest that the occurrence of thoracic hemivertebra in Pugs should be considered of greater clinical importance, it is possible that hemivertebra in other "screw-tailed" brachycephalic breeds should not be considered a benign incidental finding on diagnostic imaging studies. Hemivertebra with kyphosis has been suggested to 17, 18, 30 In agreement with findings of previous studies, our results suggest that the severity of kyphosis should be considered a reliable indicator for the presence of neurological signs caused by hemivertebra. 9, 12 Our study identified an almost identical cutoff value for the Cobb angle as suggested previously. 12 In our study, a Cobb angle of 34.5 degrees corresponded with the highest combined sensitivity and specificity to differentiate between neurologically affected and unaffected dogs. Spinal kyphosis has been implied to alter the biomechanical properties of the vertebral column. 17, 19, 30 Although the pathophysiology of clinically relevant hemivertebra is uncertain and should most likely be considered multifactorial, vertebral instability has been suggested to play an important role. 10, 16 This is illustrated by several studies demonstrating good treatment outcomes after vertebral stabilization without spinal decompression in dogs with hemivertebra. 22, 23 Our study sup- In agreement with results of a previous study, our study failed to identify a primary role for vertebral canal stenosis in the pathophysiology of clinically relevant hemivertebra. 10 Vertebral canal stenosis, however, was associated with hemivertebra subtype, with VA or dorsal hemivertebra resulting in the narrowest vertebral canal compared to other hemivertebra subtypes (Figure 2 ).
Hemivertebra subtype, more specifically VLH compared to VMH subtype, was associated with a higher likelihood of clinical signs. This result is difficult to explain because VLH can be considered to represent a rather mild degree of vertebral body malformation and is unlikely to result in kyphosis. 24 Previous studies have found a high prevalence of dorsal hemivertebra or VA hemivertebra subtype in dogs with clinically relevant hemivertebra. 11, 22 Ventral aplasia is characterized by the complete absence of the vertebral body and therefore can result in severe kyphosis. 11, 31 In agreement with previous studies, VA hemivertebra subtype occurred very rarely in dogs without clinical signs and was almost always associated with the presence of neurological signs. 11, 22 Despite the subjective observation that VA could be of great clinical importance, our results did not identify this hemivertebra subtype as an independent predictor of clinical signs in dogs with hemivertebra. This unexpected result most likely can be explained by the fact that VA was significantly associated with Pugs (85.7% of VA hemivertebrae were seen in Pugs) and with more severe degrees of kyphosis (median Cobb angle of 61 degrees), which were considered primary factors to predict clinical signs in dogs with hemivertebra. It should further be emphasized that VA occurred only in half of the dogs with clinical signs associated with hemivertebra.
The presence of fewer rather than a higher number of hemivertebrae along the vertebral column was more likely associated with neurological signs. This finding is somewhat surprising and in contrast to regionally proposed breeding guidelines in which allocation of a more severe grade is based on a higher number of radiographically detected vertebral malformations. 32 As suggested above, hemivertebrae are more likely to cause clinical signs when they substantially change the anatomical and biomechanical characteristics of the vertebral column. A larger number of hemivertebrae, therefore, will not necessarily cause clinical signs if they are not associated with substantial anatomical alterations of the vertebral column, such as kyphosis (Figure 3 ). The results of our study confirm that a Cobb angle of 35 degrees is associated with the highest combined sensitivity and specificity to differentiate between clinically affected and unaffected dogs. 12 It seems however unlikely that measurement of Cobb angles can reliably be used in radiographic screening programs because (1) Cobb angles >35 degrees also occur in clinically normal dogs, 15, 18, 24 (2) some dogs with neurological signs associated with hemivertebra do not display kyphosis, 20 and (3) spinal kyphosis should not be considered a static anatomical factor and has been considered to be progressive in nature. This is illustrated in a recent case report describing neurological signs and marked thoracic kyphosis in a 6-month-old Pug. Thoracic radiographs did however not disclose any kyphosis when the dog was only 2 months old. 34 Kyphosis also has been reported to progress in dogs treated medically for thoracic hemivertebra. 20 Our study was limited by several factors. Because of the retrospective study design, dogs included in the neurologically unaffected group did not undergo neurological examination. They were considered neurologically normal when they underwent CT for reasons unrelated to neurological disease and when the medical files did not mention any gait abnormality. It therefore cannot be excluded that these dogs may have had mild gait abnormalities because of their vertebral malformations. The dogs in this group also did not undergo MRI. It therefore cannot be excluded that some of these dogs had spinal cord compression associated with their vertebral malformation. Although the unaffected dogs were significantly older than dogs with neurological signs, it cannot be excluded that some dogs will develop clinical signs associated with thoracic hemivertebra later in life. A recent study reported a median age of 88 months for Pugs with thoracic and lumbar vertebral malformations to develop neurological deficits. 15 This is remarkably older than the median age of 11 months in our study and can very likely be explained by the fact that our study focused specifically on clinical signs caused by hemivertebra. Although the blinded observer 
